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ABSTRACT
PVDF is a very important piezoelectric polymer material which has a promising range of
applications in a variety of fields such as acoustic sensors and transducers, electrical switches,
medical instrumentation, artificial sensitive skin in robotics, automotive detection on roads, non-
destructive testing , structural health monitoring and as a biocampatible material. In this research
cantilever based multi energy harvester was developed to maximize the power output of PVDF
sensor. Nano mixtures containing ferrofluid (FF) and ZnO nano particles were used to enhance the
piezoelectric output of the sensor. The samples were tested under different energy conditions to
observe the behavior of nano coated PVDF film under multi energy conditions. Composition of
the ZnO and FF nano particles was changed by weight in order to achieve the optimal composition
of the nano mixture. Light energy, vibration energy , combined effect of light and vibration energy,
and magnetic effect were used to explore the behavior of the sensor. The sensor with 60% ZnO
and 40% FF achieved a maximum power output of 10.7 µW when under the combined effect of
light and vibration energy. This was nearly 16 times more power output than the pure PVDF sen-
sor. When the magnetic effect is considered the sensor with 100% FF showed the highest power
output of 11.2 µW which is nearly 17 times more power output than pure PVDF. The effective
piezoelctric volume of the sensor was 0.017 cm3. In order to explore the effect of magnetic flux,
cone patterns were created on the sensor by means of a external magnetic field. Stability of the
cones generated on the sensor played a major role in the generated power output.
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1.1 Overview of the Problem
Energy harvesting is the process of obtaining environmental energy and converting it into
usable electrical energy. There are sevaral techniques to harvest energy using wind power, hy-
dropower, solar, ocen waves, thermoelectricity, piezoelectricity and even by physical motion.
With the inset of micro Electro Mechanical Systems( MEMS ), portable electronics and
wireless sensors, energy harvesting has become a very cruicial topic, and it has drown much at-
tention from the scientific community. Traditional power sources of many portable electronics and
wireless sensors in current technology are batteries which have many disadvantages due to limited
time span, finite amount of energy , maintenence requirements , possible hazardous chemicals, and
environmental effects. More over due to its very high mass to electrical power ratio it impedes
the development of light-weight and miniature wireless devices. It is highly desirable for wire-
less devices to be self-powered without using a battery (Wang, 2011). Renewable or sustainable
power sources are therefore required to either replace or to augment the capacity of batteries to
increase the lifespan and the reliability of a wireless device or to realize small volume and fully
self-powered electronics and to mitigate the environmental pollution caused by inappropriate dis-
posal and recycling of batteries (Shen, 2009).
During the last decade a variety of ambient sources like solar, thermal, acoustic energy,
mechanical vibration, and human power have been studied as additional energy sources. Among
these, thermoelectric generators, vibration/kinetic driven power generator, and solar cells are more
widely studied because of their ubiquity, high efficiency, and potential for miniaturization (Shen,
2009).
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Table 1.1 shows the comparision of energy harvesting methods from ambient energy sources.
Table 1.1: Comparision of Ambient Energy Sources (Shen, 2009)
Energy
source
Power density (µW/cm3orcm2) Reference
Solar Out door : 15000 S.Roundy et al. (2005)
Indoor : 10
Electrostatic : 50 -100 Mitcheson et al. (2004),Miyazaki et al. (2003)
Vibration Electromagnetic : 119 R.N.Torah et al. (2006)
Piezoelectric : 250 S.Roundy et al. (2003)
Thermal 60 (5oC gradient) Bottner et al. (2004)
From Table 1.1 it can be seen that outdoor solar energy has the highest power density, while
indoor solar energy has a rather low energy density. Vibration energy shows a relatively high
power density and among them piezoelectricity has shown the maximum power density. Vibration
sources are generally more ubiquitous, and can be readily found in inaccessible locations such as
air ducts and building structures (S.Roundy et al., 2005).
Thermal gradient can be conveniently converted to electricity, and there are many potential
sources such as geothermally heated ocean water (85oC), solar ponds (50oC), natural lake thermo-
clines (10 − 20oC), and utility power plant waste heat (15oC) (Stevens, 1999). However, thermal
energy is hard to control, cannot be used for medical implant, and the conversion efficiency is
lower compared to that of solar and vibration energy sources.
Piezoelectric materials have been used as renewable energy sources since the late 1990’s
for generating small power under mechanical strains. Piezoelectric power generation can provide
a convenient alternative to traditional power sources to operate certain types of sensors/actuators,
telemetry, and MEMS devices (A.Sodano et al., 2005). Materails with wurtzite structures that
have non-central symmetry such as ZnO, GaN, and InN have ability to develop piezoelectric po-
tential (piezopotential) once they are strained. Piezo electric nano generators which can serve as
self-suffcient power sources for micro/nano systems are the latest trend in piezoelectric energy
harvesting. Nano materials in forms such as nano wires, nano belts, nano springs, nano rings, and
nano helics are being used in energy harvesting today. The nanogenerator uses the piezopotential
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as the driving force, responding to dynamic straining of piezoelectric nanowires. A gentle strain
can produce an output voltage of up to 20 to 40 V from an integrated nanogenerator (Wang, 2011).
Considerring all these facts, in my research I have designed cantilever based piezoelectric
(PVDF) energy harvester enhanced with nano mixtures containing ferrofluid and ZnO nano parti-
cles. Piezo electric properties of PVDF , magnetic properties of ferrofluid, piezoelectric and photo-
luminisence properties of ZnO altogether provide the motivation to create a multi energy harvestor
which harvested energy from mechanical vibration, light energy, and the magneto electric effect.
1.2 Background Research
Many research have been based on vibrational piezoelectric energy harvesting. Umeda et al.
(1997) have performed an investigation of a mechanical energy to electrical energy harvester using
a piezoelectric vibrator and a steel ball. Funasaka et al. (1998) investigated the transformation effi-
ciencies of piezoelectric power generators made of a single LiNbO3 plate or a multilayer LiNbO3
plate under a hammer impact .
In 2005, Roundy proposed a general effective theory and compared the output behavior
of different vibration-based generators, including electrostatic, electromagnetic, and piezoelectric
generators (S.Roundy, 2005),(Roundy and Zhang, 2005). He found that the electromagnetic gen-
erator tends to produce very low AC voltage. The voltage output will be even lower as the size
scales down. Piezoelectric generators tend to produce high voltages and low currents. For both
piezoelectric and electrostatic generators, current instead of the voltage output will be lower as the
size scales down because of the decreased capacitance of the device (Shen, 2009).
Implantable wearable power supply is another very interesting area in which piezo materials
are being used. Research has been carried out to investigate posibility of imbeding piezomateri-
als into clothing or inside bialogical system such as the human body. The first power scavenging
system incorperated into a bialogical environment was proposed by E.Hausler and Stein (1984).
They proposed an implantable physiological power supply using PVDF films based on the concept
that the enrgy expended for respiration could be converted to electrical power. E.Hausler and Stein
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(1984) used periodic motion of ribs to periodically stretch a converter. A miniaturized prototype
was designed and fixed to the ribs of a mongrel dog. The spontaneous breathing led to a peak
voltage of 18V and a corresponding power out put of 17 µW . As the power generated was insuf-
ficient to power the electronics it was ineffective as an implantable power supply. However they
have speculated that by optimizing PVDF film properties and using a more suitable converter at-
tachment at the rib could make it possible to output power of 1 mW. T.Starner (1996) investigated
various human activities including footfalls, arm motion, blood pressure, body heat, exhalation,
breathing band, and finger motion. He found that the most plentiful power (5.0-8.3 W) can be gen-
erated while walking at a brisk pace (two steps per second with the foot moving 5 cm vertically)
and even a small part of this power would provide enough power to operate many of the body-worn
systems Shen (2009). After this many researches began to grow in wearable power generation.
Kymissis et al. (1998) has studied three different piezoelectric devices that could be built
into a shoe to harvest excess energy and generate electrical power parasitically while walking.
They have used the ’Thunder’ actuator constructed of piezoceramic composite material located in
the heel, a rotary magnetic generator located under the heel and a multilayer PVDF foil laminate
patch located in the sole of the shoe as shown in Figure 1.1. Figure 1.2 shows the PVDF stave
studied in this work. A peak power of 20 mW and 80 mW were observed for PVDF stave and PZT
unimorph(Thunder) respectively. However due to the slow excitation the average power generated
from both PVDF stave and PZT unimorph was significantly lower at 1mW and 2 mW respectively.
The shoe mounted rotary generator resulted in a peak power of 1W and average of about 0.25 mW.
4
Figure 1.1: Piezo shoesole (Kymissis et al., 1998).
5
Figure 1.2: PVDF stave (Kymissis et al., 1998).
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1.2.1 Cantilever Based Energy Harvestors
There are lots of examples in literature of cantilever based energy harvesting devices. A
great amount of research has been conducted to develop simple and efficient energy harvesting
devices from cantilever based vibration using piezoelectric materials. Piezoelectric materials have
high energy conversion ability from mechanical vibration. By changing the device configuration
researchers have improved the harvested power. The uni-morph cantilever beam configuration
and bi-morph configurations are most commonly used in piezo electric energy harvesting. Bi-
morph structures are two types as series and parallel. Figure 1.3 shows the bi-morph series (a)
, bi-morph parallel (b) and uni-morph (c) configuration of piezo energy harvesters. The series
bi-morph is constructed out of a metallic layer, sandwiched between two piezoelectrics and the
piezoelectric patches are electrically connected in series. In the case of the parallel configuration,
the piezoelectric materials are electrically connected in parallel.
Figure 1.3: Piezoelectric cantilever beam configurations. (Saadon and Sidek, 2011).
One of the important aspects of improving the efficiency of power harvesters is tuning the de-
vice so that its resonant frequency matches the ambient vibration resonant frequency. Although the
cantilever piezoelectric power generator has many drawbacks such as weak mechanical strength,
low piezoelectric voltage coefficient , limited maximum displacement due to limited applied force,
fatigue caused by bending which shorten its lifetime, it cannot to stop peoples interest in it because
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of its high strain and high power output even under lower acceleration amplitudes (Shen, 2009).
Some of the researchers use metal mass on the tip of the cantilever inorder to decrease the struc-
ture’s natural frequency according to the equation (ω =
√
k/m where k - material stiffnesss, m -
mass) for the applications under low-frequency vibration. Figure 1.4 shows a composite cantilever
structure with nickel metal mass (Saadon and Sidek, 2011). The composite cantilever is made up
of PZT thick film sandwiched between a pair of (Pt/Ti) metal electrodes. The lower part consists
of a non-piezoelectric element. When the base system is vibrated as a result of environmental
grounwork, parts of the cantilever move relative to the base frame inducing strain in the piezo ele-
ment . This leads to generation of electric charge as a result of piezo electric effect. The prototype
fabricated by MEMS technology under resonant operation with about 609 Hz resulted in an output
power in the range of 898 mV and 2.16 lW.
Figure 1.4: Piezoelectric power generator.
Cantilever geometrical structures play an important role in improving the harvesters effi-
ciency. The rectangular shaped cantilever structures are most commonly used in MEMS-based
piezoelectric harvesters. They are easy to implement and effective in harvesting energy from am-
bient vibrations (Saadon and Sidek, 2011). L.Mateu and Moll (2005) has shown a triangular shaped
cantilever beam with a small free end can withstant higher strains and maximum deflections and
hence higher power output compared to rectangular beam. Baker et al. (2005) has experimentally
tested nearly triangular trapezoidal shaped cantilever beam along with a rectangular shaped beam
of the same volume, and found that 30% more power can be achieved by using the trapezoidal
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beam than the rectangular one. D.Shen et al. (2008) designed and fabricated a PZT cantilever
MEMS based micro-generator with an integrated Si proof mass, that can generate 2.15 lW from
2 g (g = 9.81 m/s2) acceleration at its resonant frequency of 461.15 Hz. Renaud et al. (2008)
has fabricated uni-morph MEMS-based PZT cantilever with an integrated proof mass as shown in
Figure 1.5 that can generate 40 W at 1.8 kHz vibration frequency.
Figure 1.5: Piezoelectric uni-morph power generator.
Table 1.2 shows the summary of a few recent cantilever based piezo energy harvesters.
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1.2.2 Nano Materials in Energy Harvesting
Nano materials play a major role in energy harvesting today. A nanoparticle is a small object
that behaves as a whole unit and the size varies from 1-100 nm. Nano particles of Fe2O3 , ZnO,
PbS,Au,carbon nanotubes, quantum dots are few examples of them. Xu et al. (2008) has developed
a nanocomposite using PV DF/Fe3O4 and they have noticed the saturation magnetization (Ms)
and remnant magnetization (Mr) of the PV DF/Fe3O4 nanocomposite increased with the increase
of the Fe3O4 content.
Zinc oxide (ZnO)-based nanomaterials have been regarded as a next-generation piezoelec-
tric material due to their inherent piezoelectricity (Wang, 2004). ZnO has already been embedded
in PVDF (Devi and Ramachandran, 2011) and PSS/PVA (Loh and Chang, 2011) polymer matrices
for enhancing piezoelectricity. Dodds et al. (2012) has shown that piezoelectric characterization
of poly(vinylidene fluoride)-trifluoroethylene (PVDF-TrFE) thin films enhanced with zinc oxide
(ZnO) nanoparticles. The incorporation of piezoelectric ZnO nanoparticles has enhanced bulk film
piezoelectricity while preserving the mechanical flexibility of PVDF-TrFE film. In their experi-
ment ZnO weight fractions have been varied from 0% to 20% in 5% increments and for the given
level of applied high electric field, higher remnant polarization have been obtained with increas-
ing ZnO content as shown in Figure 1.6. Remnant polarization ( DR) is obtained by calculating
the y-intercept of each samples D E hysteretic response. Higher remnant or permanent polariza-
tion suggests greater alignment of ZnO nano particles and improved piezoelectricity (Dodds et al.,
2012).
Wang and Song (2006) have converted nanoscale mechanical energy into electrical energy
by means of piezoelectric zinc oxide nanowire (NW) arrays. The aligned NWs are deflected with
a conductive atomic force microscope tip in contact mode. The coupling of piezoelectric and
semiconducting properties in zinc oxide creates a strain field and charge separation across the
NW as a result of its bending. They have reported that the estimated efficiency of the NW-based
piezoelectric to be 17 to 30
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Figure 1.6: Hysteresis loops of PVDF-TrFE thin films with different weight fractions of ZnO
nanoparticles measured at 60 MV-m1. (Dodds et al., 2012).
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1.3 Justification of Work
A major limitation of piezoelectric materials in energy harvesting is that power generated
by those materails are far too small to power most electronics. So energy generated by the power
harvesting device should be increased . So new and innovative methods should be used to increase
the energy generation. From the above literature review, it can be seen that there is the potential in
using nano particles and piezoelectric polymers to enhancement of energy harvesting. Nano par-
ticle coating for power generation seems have a good potential in increasing the power harvesting
efficiency.
Many attemps have been made to harvest power using vibrational energy and a few research
effort have used magnetic effect in conjuction with piezoelectricity. There is practically no effort
being put in to finding the effect of light energy in piezoelectric materials for energy harvesting. In
this research a multi energy harvesting sensor has been developed employing nano coated PVDF
film which harvest vibrational energy , magnetic effect, and light energy. The nano coating devel-
oped in this research consist of FNP (Ferrous Nano particles) and ZnO nano partcles. Different





The main focus of this research is to increase the performance of PVDF thin film using fer-
rofluid and ZnO nano mixtures. This chapter gives the theoretical background of piezoelectricity,
ferrofluid, ZnO ,PVDF, and how they have been used in the field of energy harvesting.
2.1 Piezoelectricity
The name ‘piezo’ originates from the Greek word piezein, which means to squeeze or press.
Piezoelectric crystals produce electricity when they are deformed due to mechanical stress (direct
effect) and conversly they will have change in dimension when they are exposed to an electric
field (converse effect). Piezoelectricity was discovered in 1880 by French physicists Jacques and
Pierre Curie brothers (Cady, 1964). They have demonstraded this phenominan using crystals of
tourmaline, quartz, topaz, cane sugar, and Rochelle salt. The converse effect was mathematically
deduced from fundamental thermodynamic principles by Gabriel Lippmann in 1881. Today it is
known that many crystals, certain ceramics and even biological matter such as DNA possess the
piezoelectric effect.
Under normal conditions the domains of piezoelectric crystals which have positive and neg-
ative charges are symmetrical within the crystal which leads the crystal to be electrically neutral.
When the crystal is deformrd the charges no longer cancel out one another and net positive and
negative charges appear on opposite crystal faces as shown in Figure 2.1. Figure 2.2 shows the
converse piezoelectric effect.
Equations (2.1) and (2.2) are the constitutive equations for direct and the converse piezo-
electric effect respectively.
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Figure 2.1: Piezoelectric concept. (British Medical Ultrasound Society, 2013).
Figure 2.2: Converse piezoelectric effect. (Smart Materials, 2013).
D = dT + εE (2.1)
X = sT + dE (2.2)
where
D = Charge density
d = piezoelectric coefficient
T = Stress
ε = permittivity of the material
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E = electric field
X = strain
s = compliance
Some piezoelectric materials are ferroelectrics, i.e., they are spontaneously polarized and
polarization can be reversed by applying an electric field. These materials have the ability to
remain polarized upon removal of electric field.PVDF is a ferroelectric polymer.In order to obtain a
piezoelectric response, the material must first be poled in a large electric field. Increase in remnant
polarization is correlated to increasing piezoelectric sensitivity. Figure 2.3 shows the domains of
poly-crystalline piezoelectric material in un-poled and poled state.
Figure 2.3: Domains of poly-crystalline piezoelectric material: (left) un-poled virgin state and
(right) poled state after electrical loading. (A.Arockiarajana et al., 2006).
Piezoelectric materials can be classified into 4 groups: naturally occurring piezo crystals,
man made crystals, man made ceramics and piezo polymers. Berlinite (AlPO4), cane sugar,
quartz, rochelle salt, topaz, tourmaline group minerals, and dry bone (apatite crystals) are exam-
ples for naturally occurring crystals. Gallium orthophosphate (GaPO4), langasite (La3Ga5SiO14)
are examples of Man-made crystals. Barium titanate (BaTiO3), lead titanate (PbTiO3), lead zir-
conate titanate (Pb[ZrxTi1-x]O3 0 < x < 1) - more commonly known as PZT, potassium niobate
(KNbO3), lithium niobate (LiNbO3), lithium tantalate (LiTaO3), sodium tungstate (NaxWO3),
Ba2NaNb5O5, Pb2KNb5O15 come under man made ceramics. Polyvinylidene fluoride (PVDF)
is a piezo polymer (Furtado, 2007).
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Piezoelectric materials are used in micro electromechanical systems (MEMS). They act as
generators, sensors, actuators and transducers (Jrgen Nuffer,2006). In generators and sensors direct
piezoelectric effect is used. Actuaters use converse piezoelectric effect while transducers use both
effects within one device.
2.1.1 Piezoelectric Constants
To identify directions in a piezoceramic element, three axes are used. These axes, termed
1, 2, and 3, are analogous to X, Y, and Z of the classical three dimensional orthogonal set of
axes as shown in Figure 2.4. Piezoelectric coefficients with double subscripts link electrical and
mechanical quantities. The first subscript gives the direction of the electric field associated with the
voltage applied, or the charge produced. The second subscript gives the direction of the mechanical
stress or strain. For instance in a piezoelectric constant Xij, i corresponds to the direction of the
electrical value measurement, and j corresponds to the direction of mechanical action.
Figure 2.4: Designation of axes in piezoelectric material.
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According to this, a ‘31 index will characterize an electrical value considered between two
sides of the film, and a mechanical stress applied along the length. In most cases, i = 3 because
the electrodes are on the planar surface of the sample. Figure 2.5 shows the piezo electric coupling
modes.
Figure 2.5: Piezo electric coupling modes.(Saadon and Sidek, 2011).
The following paragraphs contain commonly used piezo terminology to describe properties
of piezo material.
• Piezoelectric charge constant
The piezoelectric constants or ‘d’ coefficients are relating the mechanical strain produced by
an applied electric field. The units may then be expressed as meters per meter, per volts per meter
(meters per volt). Conversely, the coefficient may be viewed as relating the charge collected on the
electrodes, to the applied mechanical stress (coulombs per newton). d31 is the induced polarization
in direction 3 per unit stress applied in direction 1. Alternatively, it is the mechanical strain induced
in the material in direction 1 per unit electric field applied in direction 3.
• Piezoelectric voltage constant
Piezoelectric voltage constant or ‘g’ constants relates the electric field produced in a ma-
terial by a mechanical stress applied to it. The units may then be expressed as volts/meter per
newtons/square meter. Conversely, it is the mechanical strain experienced by the material per unit
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electric displacement applied to it. g31is the induced electric field in direction 3 per unit stress
applied in direction 1. Alternatively, it is the mechanical strain induced in the material in direction
1 per unit electric displacement applied in direction 3.
• Coupling factor
Electromechanical coupling factor ‘k’ is a measure of conversion of energy by the piezo
element from electrical to mechanical form or vice versa
k =
√




(Electrical energy stored / Mechanical energy applied) (2.4)
Coupling factor carries subscripts, for instance k31 relates to a long thin bar, electroded on a pair
of long faces, polarized in thickness, and vibrating in simple length expansion and contraction.
• Compliance
Compliance S of a material is strain produced per a unit stress. The first subscript refers to the
direction of strain and the second subscript refers to direction of stress. For instance SE11 is the
compliance for a stress and accompanying stain in direction 1 under conditions of constant electric
field.
• Permittivity
Permitivity or dielectric displacement ε is measure of the ability of a material to resist the formation
of an electric field within it. Permitivity is expressed as the ratio of its electric displacement to the
applied field strength and measured in farads per metre. The permittivity of a medium is most
often given as a relative permittivity εr = ε/εo. Permitivity of free space εo is 8.854 x 10 −12 F/m.
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• Capacitance
Capacitance is the ability of a body to store an electrical charge. Capacitance is a function of the
physical dimensions and the permittivity
C = εA/t (2.5)
where A is the surface area and t is the thickness of the material.
2.2 Comparision of Common Piezoelectric Materials
Table 2.1 shows the properties of commonly used piezo material PVDF (Measurement spe-
cialties) , PZT-4 and PZT-5H (Hooker, 1998; Chilibon et al., 2007). It could be noticed that
PVDF film has lower piezoelectric charge constant and energy conversion efficiency than PZT
compounds. PVDF is however about 25 times more responsive to voltage generation by applied
force than PZT compounds. PVDF are flexible where as PZT ceramics are brittle so that PVDF are
used to improve the robustness of cantilever power generators. Moreover PVDF has advantageous
over PZT due to easy processing, light weight, and low cost.
Piezo ceramic materials are hard and brittle, and require more complex production than
polymers. The piezoelectric properties vary with age, stress and temperature. The changes in
the material tend to be logarithmic with time, thus the material properties stabilize with age, and
manufacturers usually specify the constants of the device after a specified period of time (Beeby
et al., 2006)
2.3 Polyvinylidene Fluoride (PVDF)
The piezoelectric effect in PVDF was first discovered in 1969 by Kawai (Kawai, 1969).
Since then, extensive studies have been made on the piezoelectricity of PVDF. There are variety
of scientific and industrial applications of PVDF due to its excellent mechanical properties, high
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Table 2.1: Properties of Piezo Materials.
Parameter Symbol Units PVDF Film PZT-4 PZT-5H
Density ρ (103)Kg/m3 1.78 7.5 7.4
Relative permittivity ε/εo - 12 1300 3400
Piezo electric charge
constant
d31 (10−12)m/V 23 -85 -265
d33 (10−12)m/V -33 225 585
Piezo electric voltage
constant
g31 (10−3)V m/N 216 -7.5 -8.5
g33 (10−3)V m/N -330 8.5 12.5
Coupling factor k31 - 0.12 0.22 0.36
k33 - 0.14 0.35 0.59
continuous use of temperature, and strong piezoelectricity. (Bormashenko et al., 2004).
Polyvinylidene fluoride is a long chain semicrystalline polymer having the repeat unit (CH2-
CF2) (Siedle et al., 1984). It has four crystalline phases as α ,β, γ, and αp and most common are
the polar form β and ellectrically innactive form α. As significant amount of oriyented polar form
(β) is necessary for high degree of piezoelectricity. The α phase is the most stable phase at room
temperature hence PVDF films crystallize into this phase from the melt. The crystallization forms
a trans-gauche chain conformation with a unit cell that has two parallel chains. A trans-gauche
chain conformation is a cross-linked, non-planar chain formation, with two of these chains making
up one unit cell of PVDF (G.Eberle et al., 1996). Figure 2.6 shows the β and α phase of the PVDF
structure.
Figure 2.6: Most commonly used PVDF phases. Carbon atoms are gray Fluorine atoms are striped
and Hydrogen atoms are white. (a) is the all-trans conformation of β phase PVDF. (b) is the
trans-gauche conformation of α phase PVDF. (J.J.Stroyan, 2004).
.
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PVDF is produced as large thin sheets, streched and poled to give piezoelectric property.
Poling of the material typically requires an external field of above 30 MV/m. Thick films (typi-
cally 100 µ m) must be heated during the poling process in order to achieve a large piezoelectric
response. When an electric field is applied across the sheet depending on the direction of the field
sheet contracts in thickness and expand in stretch direction or expand in thickness and contract
along stretch direction as shown Figure 2.7.
Figure 2.7: When poling (a) stretching and (b) contraction of PVDF sheet.
2.4 ZnO Nano Particles
ZnO exibits both semiconduction and piezoelectric properties that can form the basis for
electromechanically coupled sensors and transducers (Wang and Song, 2006). Further ZnO is rela-
tively biosafe and biocompatible material. ZnO has different configurations of nano structures such
as nano wires (Huang et al., 2001), nano belts (Pan et al., 2001) ,nano springs (Kong and Wang,
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2003), nano rings(Kong et al., 2004), nanobows (Hughes and Wang, 2005)and nano helices(Gao
et al., 2005).
ZnO has a non-central symmetric wurtzite crystal structure, which naturally produces a
piezoelectric effect once the material is strained. Zn 2+ cations and O 2 anions are tetrahedrally
coordinated,and the centers of the positive and negative ions overlap. If a stress is applied at an
apex of the tetrahedron, the centers of the cations and anions are relatively displaced, resulting in
a dipole moment. Figure 2.8 shows shows this effect. Polarization from all of the units results in
a macroscopic potential (piezopotential) drop along the straining direction in the crystal (Wang,
2011) .
Figure 2.8: ZnO crystal structure. (Wang, 2011).
As described in above Section 2.1, some piezoelectric materials are ferroelectrics. Dodds
et al. (2012) has proposed a piezoelectric nanocomposite consisting of ZnO nanoparticles embed-
ded within a PVDF-TrFE matrix which resulted in an increase in remnant polarization and bulk
film piezoelectricity when increasing the applied AC voltage. They have reported remnant polar-
ization of 0.16, 0.72, 4.4, and 10 mC-m-2 for applied electric fields of 38, 47, 56, and 63 MV-m-1
respectively as compared to reported remnant polarization of approximately 10 mC-m-2 for pure
PVDF at 80 MV-m-1.
As per Dodds et al. (2012) , Figure 2.9 shows the results of ‘Hammer impact tests’ of a
ZnO/PVDF-TrFE thin film and a commercial PVDF-TrFE thin film. It can be seen that ZnO has
played a major role in increasing the output voltage .
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Figure 2.9: Results of hammer impact test for ZnO/PVDF-TrFE thin film and a commercial PVDF-
TrFE thin film. (Dodds et al., 2012).
In the literature it can be seen that in addition to from piezoelectric and semiconducting
properties ZnO nano particles have photoluminisense and magnetic properties. Figure 2.10 shows
the photoluminescence spectra of the ZnO nano particles (M.A.Garcia et al., 2007) . As shown in
Figure 2.10 electrons are pumped from the valance band to the conduction band upon exciting with
UV light and there are several paths for those electrons to return to ground state. Creation of exciton
leads to emit excess of energy as a photon which is similar to ZnO band gap (3.4 eV) and the second
is nonradiative transition to an intermediate level created by a defect and subsequent radiative
decay of emitting 2.3eV photons. Norberg and D.R.Gamelin (2005) has established luminescence
is directly corelated with surface hydroxide concentration.
M.A.Garcia et al. (2007) have experimentally shown that absorption of certain molecules
onto ZnO nanoparticles modifies its electronic structure and gives rise to a ferromagnetic -like
behavior at room temperature even in the absence of magnetic ions.
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Figure 2.10: ZnO photoluminescence process. (M.A.Garcia et al., 2007).
2.5 Ferrofluid
Ferrofluids are colloidal suspensions of surfactant-coated nanoscale ferromagnetic or ferri-
magnetic particles in a liquid medium. They become strongly magnetized in the presence of a
magnetic field as shown in Figure 2.11.
Figure 2.11: Ferrofluid under effect of magnetic field.
Ferrofluids were first developed and classified in 1960s by Stephen Pappell at NASA as a
method for controlling fluids in space (S.S.Pappell, 1965). Ferrofluid has three main constituents:
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magnetic particles such as (magnetite (Fe3O4), cobolt, nickel) a surfactant (Oleic acid, citric acid,
tetra methyl ammonium hydroxides) and a base liquid such as water or oil. The surfactant coats
the magnetic nano particles which has a diameter of about 10 nm and prevents coagulation and
keeps them evenly dispersed throughout the base liquid. Its dispersibility remains stable in strong
magnetic fields. A typical ferrofluid is about 5 % magnetic solid 10 % surfactant and 85 % carrier
by volume. Figure 2.12 shows an aqueous ferrofluid stabilized by tetra methyl ammonium hydrox-
ides surfacant (Berger et al., 1999). As per Berger et al. (1999) Tetramethylammonium hydroxide
coats the magnetite particles with hydroxide anions which attract tetramethylammonium cations,
forming a diffuse shell around each particle and create repulsion between particles. NASA initially
used ferrofluid as rotating shaft seals in satellites and they are now used in a wide variety of ma-
chines,computer hard disk drives, charge injection devices, high memory data storage arrays and
voice coil gap of loudspeakers for damping undesired vibrations and cooling. Ferrofluid has been
used in piezo materials to induce stress and thereby generate electric power. R.L.Tucker (2011) has
shown a method for generating electrical energy by positioning ferrofluid in sheet of piezomateri-
als which has holes. When the piezo sheet is subjected to a magnetic field, ferrofluid contained in
the holes strained the piezo sheet and led to the generation current.
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Figure 2.12: Ferrofluid constituents. Tetramethylammonium hydroxide coats the magnetite parti-
cles with hydroxide anions. Tetramethylammonium hydroxide cations create diffuse shell around




2.6.1 Vibration of Cantilever Beam
Figure 2.13 shows a cantilever beam subjected to forced vibration. The exciter is used to
give excitation to the system. The beam can be considered as a continuous system where mass
along with the stiffness is distributrd along the system. The equation of motion for this type of
system can be written as in the equation (2.6) ,(L.Meirovitch, 1967)











+ f(t)δ(x− L1) (2.6)
where
E - modulus of rigidity of beam material
I - Area moment of inertia of beam cross section
y(x,t) - displacement in y direction at distance x
m - mass per unit length
A(x) - cross sectional area of the beam
f(t) - force applied to the system at x = L1, in our study L1=0
Free vibration solution : Boundry conditions for the cantilever beam.













For a uniform beam under free vibration the governing equation can be written as
d4Y (x)
dx4





m = ρA(x) (2.11)
where ρ is material density.









α = 1.875 , 4.694, and 7.855 for the first, second and third mode respectively.
ρ - material density of the beam
E- modulus of rigidity
I - Area moment of inertia
L -Length of the beam
A- cross sectional area of the beam
Frequency of vibration
wn = 2πf rad/s (2.13)
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and hence
f = wn/(2π)Hz (2.14)
Figure 2.14 shows the frequencies and mode shapes of the beam.
Figure 2.14: Frequencies and mode shapes of cantilever beam.
Equation for the area moment of inertia is given in equation (2.15)
I = bh3/12 (2.15)
where
b- width of the beam




The aim of this experiment is to find out the effect of mechanical vibration, magnetic field
and light energy on nano coated PVDF film. There are two types of samples used for this ex-
periment: PVDF film with cones pattern and without cones on the. The first type of nano coated
sensor is subjected to a magnetic field in order to create cone patterns on the sensor. In the sec-
ond type, nano mixture is applied on the sensor and it is allowed to air dry under room condition.
More details of preperation of these sensors are coming in the following subsections. Prepared
samples were then subjected to mechanical vibration and light energy with different lumens (40 W
(310-749 lm), 60W (750-1049 lm), 75W (1050-1489 lm), 90W (1490-1750 lm)) in order to find
out their effect on electrical energy output of the nano coated sensor. Figure 3.1 shows the PVDF
sensor LDT1-028K (Measurements Specialties) used in this experiment and Figure 3.2 shows the
dimensions of it.
Figure 3.1: LDT1-028K PVDF sensor.
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Figure 3.2: LDT1-028K PVDF sensor Dimensions.
Table 3.1: Dimension of PVDF sensor.
Dimension Value
Piezo element length (mm) 30.00
Piezo element width(mm) 12.19
Piezo element thickness(µm) 28.00
Total length (mm) 41.4
Total width (mm) 16.26
Totalthickness (µm) 40.00
3.1 Preparation of the Nano Mixture
Six types of nano mixture samples were prepared using different compositions of ferrofluid
and ZnO nano particals as shown in Table 3.2 below.
Ferrofluid used in this experiment provided by Ferrofluid Ferrotech Corp., which consists of
5 % magnetic particles, 10 % surfactant and 85 % carrier fluid. The size of ferromagnetic nanopar-
ticles is 10 nm. Zinc oxide nanoparticles in powder form purchased from American Elements had
an average particle size ranging from 24 nm to 71 nm. The above samples were prepared besed on
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Table 3.2: Composition of Nano Mixtures.







weight percentage of each constituent. Lab balance Mettler PE 3000 was used to weigh material
and they were mixed well in a measuring cylinder. Each mixture was identified using the ZnO
percentage in it.
3.2 Sensor Preparation
Once the nano mixture is prepared the next step is to prepare the sensor by applying a thin
layer of nano coating. A special apparatus was made to hold the PVDF film inplace when applying
the coating as shown in Figure 3.3. Then a thin layer of each mixture was applied very carefully
using a soft brush from Daler and Rowney corporation. Samples were air dried without preperation
of cones and then were transfered onto a flat surface and kept at room conditions for 24 hrs. In
order to create cones samples were transferred in to a magnetic chamber Figure 3.4 and kept them
for 24 hrs.
Figure 3.3: Apparatus for painting PVDF sensor.
In the magnetic chamber the two magnets are arranged so that the north pole and south pole
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of the magnets are facing each other. One magnet is fixed at the lower base of the cylindrical
chamber while the other magnet can be moved using a linear actuator to vary the distance between
the two magnets. The resulting cone pattern is greatly affected by the magnetic strength. The
magnetic strength is controlled by the distance between the two poles which is manipulated by
rotating the handle. The sensors were placed at different heights in order to attain desired magnetic
field strength. A gauss meter from Alphalab Inc was used to measure the field strength. In this
experiments samples were subjected to 400 gauss level. Figre 3.5 shows the nano caotd PVDF
sensor and Figure 3.6 shows the microscopic image of nano coated sensor with cone patterns.
Once the sensors are ready they were transfered on to an aluminum substrate of 175 mm x 25
mm x 0.8 mm in length, width and thickness repectively. Sensors were attached to the aluminum
substrate using a tape. Sensors were decided to be attached very closer to the vibrating edge of the
Al substrate in order to subject it into maximum stress. Figre 3.7 shows the nano coated PVDF
sensor ready to be vibrated on vibration exciter.
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Figure 3.4: Chamber for Magnetic exposure. Schematic diagram(up) and Actual setup (down).
Yebo (2011).
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Figure 3.5: Nano coated PVDF sensor.
Figure 3.6: Sensor with cone pattern.
Figure 3.7: Nano coated sensor on AL substrate fixed to vibrometer.
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3.3 Experimental Setup
An aluminum substrate with attached sensor was mounted on a vibration exciter (Bruel &
Kjaer Model 4809). Desired vibration signals were produced from a function generator (Tektronic
AFG-3021) and fed to the vibration exciter after amplifying the signal by a power amplifier (Stew-
art World 600). Input signal to the system was a sine wawe with peak to peak voltage of 1 V
at phase 0. The signal was generated at three different frequencies 21.6 Hz, 140 Hz and 355 Hz
inoreder to obtain the resonant frequency, first harmonic and second harmonic respectively. The
output signal was fed to the oscilloscope ( Tektronic TDS 3012) via an electronic circuit and the
peak to peak voltage output was measured. The electronic circuit consisted with resisters to match
the system impedence (4 MΩ) in order to obtain the maximum power output of the setup. Once the
out put voltage was meaured power was calculated by the equation P = V 2rms/R and the current
was calculated using the equation V = IR. Where P is the power out, Vrms = Vpk−pk/
√
2, R is
resistance and I is the current out put.
The layout of the experimental set up is shown in the Figure 3.8.
Figure 3.8: Experimental setup.
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3.4 Optimal Resistive Load for Maximum Power Output
A series of resistors (from 100 kΩ to 22 MΩ) ) were used in parallel with the sensor and
maximum voltage out was measured across the resistor while vibrating the system at 21.6 Hz.
Then the power output was calculated from the equation P = V 2/R. Figure 3.9 shows the results
of this experiment. It could be seen that, when increasing the resistance, power output increases
and reached it maximum value when the external resistance reached 4 MΩ. At this moment internal
and external resistance are the same and hence get the maximum power output.
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Figure 3.9: Optimal resistive load for maximum power output. (top) Pure PVDF and (bottom)




A nono coated PVDF film was experimented with under different conditions to harvest
energy and the results are discused in this chapter. The two main sources of energy used were me-
chanical vibration and light energy. Light energy was obtained from domestic bulbs with different
lumens . The Effect of magnetic field on energy generation was studied for selected sensors. For
all the cases in this experiment peak to peak voltage output was measured via a external resistance
of 4 MΩ in order to obtain the maximum power output. Power and current output was calculated
from the equations P = V 2rms/R and I = V/R respectively as mentioned in Chapter 3.
4.1 Natural Frequency of the Cantilever Beam
Calculation of natural frequency is of major importance in the study of vibration. Vibrational
systems are subjected to damping due to friction and other resistances. Yet the damping has very
little effect on natural frequency of the system and calculations of natural frequency are generally
made on the basis of no damping. In this experiment an aluminum beam is used as the substrate.
Table 4.1 and Table 4.2 show the details of the beam parameters and piezo polymer parameters.
When compared to the substrate, the mass of the piezoelectric polymer is negligible and it was not
considered in calculating the natural frequency of the system.
As discussed in Chapter 2, equation (4.1) was used to calculate the natural frequency (rad/s)







where α = 1.875, 4.694and7.855 for the first, second and third modes respectively. The
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Table 4.1: Beam Parameters.
Parameter Value Unit
Width, b 25 mm
Thickness, h 0.8 mm
Length, L 175 mm
Youngs modulus, E 70 ∗ 106 N/m2
Arae moment of Inertia, I 1.07 ∗ 10(−12) m4
Density , ρ 2800 kg/m3
Table 4.2: Piezo Polymer (PVDF) Parameters.
Parameter Value Unit
Width, wp 12 mm
Thickness, hp 0.028 mm
Length, Lp 30 mm
Charge coefficient, d31 23 ∗ 10−12 C/N
Relative Permitivity , ε 12 -
Capacitance, C 380 pF/cm2
frequency in Hz is obtained using the equation (4.2)
f = wn/(2φ) (4.2)
Area moment of rigidity (m4) of the beam is calculated using the equation (4.3) and the
result was I = 1.07X10−12m4
I = bh3/12 (4.3)
Calculated values for the first, second and the third modes are 21.4 Hz, 134 Hz and 375 Hz
respectively. The experimental values were obtained at 21.6 Hz, 140 Hz and 355 Hz.
4.2 Effect of Vibration Energy on Nanocoated PVDF Film
Nano coated PVDF film with different composition of ferrofluid (FF) and ZnO were sub-
jected to mechanical vibration and the output voltage was measured through a 4 MΩ resister in
order to get the maximum power output. Initially the experiment was carried out to find the modes
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of the system and it was seen that the system had its maximum response at 21.6 Hz, 140 Hz and
355 Hz. Each sample was subjected to vibrate at each of these frequencies and the output volt-
age was recorded. Current and power output were calculated as mentioned above and the results
are shown in Tables 4.3 and 4.4. Figure 4.1 shows the peak to peak voltage output. The highest
peak to peak voltage output for samples was obtained when the system is vibrating at its natural
frequency at 21.6 Hz. Sample with 60% ZnO and 40 % FF gives the heighest output at 4760 mV.
Figure 4.2 shows the calculated maximum current output due to vibration. Sample with 60% ZnO
and 40 % FF gives the heighest current output at 1.19 µ A. Figure 4.3 shows the maximum power
output for the vibration only condition. 2.83 µ W was the heighest power output obtained through
this experiment and it was achieved by the 60% ZnO and 40 % FF sensor. When incrasing the
ZnO percentage, the peak to peak voltage, current and the power output tend to increase up to a
maximum value. After reaching the 60% point, introducing ZnO into mixuture deteriorated the
performace of the device.























Figure 4.1: Effect of different harmonics of vibration on nanocoated PVDF film. The highest out-
puts were obtained at first mode (21.6 Hz).Sample with ZnO 60%, FNP 40 % gives the maximum
output at 4760 mV.
41

























Figure 4.2: Maximum current out put under different harmonics.























Figure 4.3: Maximum power out put under different harmonics.
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4.2.1 Discussion
Piezoelectric properties of ZnO nano particles account for generating more charge when the
specimen is under vibration. When increasing the ZnO percentage induced strain also increases
and reached the maximum value when ZnO percentage reached 60% . Populating more ZnO
particles impede the ability to strain and limiting charge output. At the same time contribution
from FF decreases when increasing the ZnO percentage. So the specimens with more than 60% of
ZnO showed less performance.
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4.3 Effect of Light Energy on Nanocoated PVDF Film
The results indicated that there was a positive voltage shift present at the moment, when the
specimens were exposed to light energy. In the same manner there was a negative voltage shift
present once the light was cut off from the specimen. Figure 4.4 shows the behaviour of the ZnO
60%, FNP 40 % sample when it is exposed to domestic light bulb of 90 W (1490-1750 lumens). It
should be noted that the polarity of the voltage shift can be switched by changing the polarity of
the electrodes.
Figure 4.4: Voltage shift of ZnO 60% FF 40% sensor at illumunation of 90W bulb.
When changing the intensity of the incident light the voltage shift also changed. Figure 4.5
shows the behaviour of each nano coated sample under different light intensities. It was seen that
when increasing the lumens, the voltage shift also increased and the highest values were obtained
when illuminated under the 90 W bulb. The exposure time was 60 s and voltage shift at cut off was
higher than the voltage shift at exposure. When considering the samples , the reference sample
(pure PVDF) without any coating showed the lowest voltage output in both of the above cases.
The FF only sample with no ZnO nano particles gave the highest voltage output at both exposure
and cut off, 328 mV and 592 mV respectively. When increasing the ZnO percentage from 50 %
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Figure 4.5: Voltage shift at the exposure to light sources (a),Voltage shift when cutt off the light
sources (b),Combination of graphs a and b (c).
voltage shift tended to increase and sample with (ZnO 60 %, FNP 40 % ) showed higher values 288
mV and 452 mV at exposure and cut off respectively. But these values are lower than the values
obtained for the FF only sample. The PVDF sensor without any coating shows a voltage shift of
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140 mV and 142 mV under the same conditions. For this expriment FF only sample showed a
maximum current output of 0.15 µ A and maximum power out put of 0.04 µW where as 60% ZnO
and 40 % FF sensor showed current and power output of 0.11 µA and 0.03 µW respectively. In all
the lumens condition PVDF only sensor showed the minimum peak to peak voltage, current and
power output. Figure 4.6 and Figure 4.7 shows the maximum current and the maximum power out
put respectively for this experiment.
Tables 4.3 and 4.4 shows the peak to peak voltage out put , maximum current and maximum
power out put for each sensor under different light condition.



























Figure 4.6: Maximum current out put under different light condition.
4.3.1 Discussion
FF shows black body effect and efficient absorber of photons from light radiation. Absorbing
more photons result in more electrons transferring from valance band to conduction band. Due to
this reason, in light only scenario FF only sensor shows the highest output. When increasing ZnO
percentage, FF percentage decreases and the output voltage too tends to decrease.
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Figure 4.7: Maximum power output under different light condition.
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4.4 Combined Effect of Light and Vibrational Energy on Nanocoated PVDF Film
Nano coated PVDF samples were tested under the combined effect of vibrational and light
energy and it was seen that the signal tended to expand with illumination under domestic light
sources. When increasing the light intensity, voltage output was increased and the highest peak to
peak voltage output (9240 mV) was obtained from the sample with composition (ZnO 60%, FNP
40 % ) under the 90 W bulb (1490-1750 lumens). Samples were tested at frequencies of 21.6 Hz,
140 Hz and 355 Hz and the highest peak to peak voltage outputs were obtained at a frequency of
21.6 Hz. Figure 4.8 shows the results of the experiment at 21.6 Hz, while Figure 4.9 shows the
summary of the peak to peak voltage output results at all of the above mentioned frequencies.






















Figure 4.8: Combined effect of light and vibrational energy (21.6 Hz) on nano coated PVDF
specimens.
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Figure 4.9: Peak to peak voltage output for the combined effect of light and vibration energy
sources on the specimens.
49
Similarly Figure 4.10 and Figure 4.11 showed the maximum current output and maximum
power output due to the combined effect of vibration and light energy. The three regions in the
above graphs corresponds to different frequencies and the highest outputs were obtained at the fre-
quency of 21.6 Hz, middle region corresponds to 140 Hz while the frequency 355 Hz corrosponds
to the lowest region.























Figure 4.10: Current output due to combined effect of vibration and light energy.
The voltage shift at exposure and cut off was not signifficant in this experiment when com-
pared with voltage gain at vibration. Further it could be seen that voltage shift at exposure and
cut off is almost similar to the values obtained under the ‘light -only’condition in the previous sub
section. Figure 4.9 shows the peak to peak voltage output for the combined effect of light and vi-
bration energy sourses on the specimens. The three regions in the graphs corresponds to different
frequencies as shown. Highest outputs were obtained at the frequency of 21.6 Hz while 355 Hz
gives the minimum voltage outputs. At each frequency the highest peak to peak voltage outputs
were obtained at maximum lumens value (90 W) and when increasing the lumens output results
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Figure 4.11: Power output due to combined effect of vibration and light energy.
were increased accordingly. For this experiment 60% ZnO and 40 % FF sensor reported the heigh-
est peak to peak voltage of 9240 mV and it leads to calculated maximum current and power output
of 2.31 µA and 10.67 µW respectively. Tables 4.3 and 4.4 summarize the peak to peak voltage out
put , maximum current and maximum power out put for all the sensors under different light and
vibration conditions.
4.4.1 Discussion
When the specimens are under the combined effect of light and vibration energy, while
vibration strain the sensor, nano mixture absorb the light energy to generate more current. Due
to vibration, incident light on the surface has more reflectivity within the sensor and the nano
particles have more opportunity to absorb light energy. Moreover nanoparticles act as nano sensors
to convert both mechanical and light energy into electrical energy.
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4.5 Effect of Magnetic Field on Nano Coated PVDF Sensor
For this experiment the best performing sensor (ZnO 60%, FF 40 % ) and the FF only sensor
were selected. Cone patterns were craeted on both of the sensors under a 400 gauss magnetic
field as mentioned in Chapter 3. Figure 4.12 shows the experimental results for all the conditions
used for the experiment. First the vibration only effect was conducted under 21.6 Hz frequency
and then the combined effect of vibration and light was examined by varying the incident light
intensity. For all the cases vibration frequency was kept at 21.6 Hz. Figure 4.12 shows the peak
to peak voltage output, maximum current and maximum power output for the above scenario. In
the vibration only condition FF only sensor showed peak to peak voltage output of 5720 mV while
60% ZnO and 40% FF sensor reported 5320 mV. This leads to calculated maximum current and
power output of 1.43 µA and 4.09 µW for the FF only sensor while correspondent results for the
60% ZnO and 40% FF were 1.33 µA and 3.54µW. Figure 4.13 shows the comparision of the (ZnO
60%, FF 40 %) sensor and the FF only sensor with and without the magnetic effect condition. It
was seen that the FF only sensor with cone patterns was the best performing sensor for this case.
Performance of the (ZnO 60%, FF 40 %) sensor detoriated with the creation of cones.
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Figure 4.12: Peak to peak voltage (top), current (middle) and power output (bottom) for ‘vibration
only effect’ and ‘combine effect of vibration and light’ by variying the incident light intensity.
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Creating cone patterns on the sensor should increase the charge output due to induced current
when moving the sensor in a magnetic field. More over increase in surface area too accounts for
more charge generation. However this hypothesis could not be proved as cones were not stable on
the sensor. As shown in Figure 4.14 cones are more prone to come out of the 60% ZnO and 40%
FF sensor where as the cones on the FF only sensor as shown in Figure 4.15 are more stable.
Figure 4.14: Zno 60% FF 40% sensor with cone pattern.
Figure 4.15: FF only sensor with cone pattern.
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4.6 Comparision of Power Density
Volume of piezo electric material is a critical factor in generating power. Most of the litera-
ture energy generated per unit piezo area or energy generated per unit piezo volume is considered
as a measurement specially when comparing performance of piezo materials. In this study volume
was used as a basis for calculating power density. The thickness of the coating was measuered by
means of an optical microscope (Keyence VHX-600, Magnification 20-200). The average nano
layer thickness of measured samples was 18 µm. Average nano layer thickness with cones was
536 µm. Calculated power density values are shown in Table 4.5 and Table 4.6 Figure 4.16 shows
the cross section of a nano coated sensor and Figrue 4.17 shows the microscopic image of the
cross section of the ZnO 60%, FNP 40 % sensor. When calculating the effective piezo volume, the
volume of PVDF layer and the volume of nano coating were used.
Figure 4.16: Cross section of nano coated sensor(not to scale).
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Figure 4.17: Optical microscopic image of cross section of the ZnO 60%, FNP 40 % sensor.
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Figure 4.18 and Figure 4.19 shows the comparision of power density when samples are
exposed to ’light only’ condition.

































Figure 4.18: Power density comparision for voltage shift at ‘exposure’.






























Figure 4.19: Power density comparision for voltage shift at ‘cut off’.
Figure 4.20 shows the comparision of power density due to ’vibration -only’ condition at
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vibration frequencies 21.6 Hz, 140 Hz and 355 Hz respectively.














































































Figure 4.20: Power density comparision for effect of vibration energy at frequencies 21.6 Hz (top),
140 Hz (middle) and 355 Hz (bottom).
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Figure 4.21 shows the comparison of power density due to combined effect of light and
vibration energy at vibration frequencies 21.6 Hz, 140 Hz and 355 Hz respectively.
Figure 4.22 shows the comparison of domestic light energy sources at exposure and cut off,
for the vibration only and combined effect of light and vibration on ZnO 60%, FNP 40 % and
PVDF sensors.
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Figure 4.21: Power density comparision for combined effect of vibration and light energy at
21.6 Hz(top), 140 Hz (middle) and 355 Hz(bottom).
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Figure 4.22: Power density comparision due to incident light exposure (top left), incident light cut
off (top right), and combine effect of vibration and light energy at 21.6 Hz (bottom).
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Figure 4.23 shows the power density comparison for the ZnO 60%, FNP 40 % sensor and
the FF only sensor. Values obtained under the vibration only condition and the combined effect
of vibration and light energy with increasing incident light intensity are shown. Specimens were
vibrated at 21.6 Hz frequency.































Figure 4.23: Power density comparision with and without magnetic effect for ZnO 60%, FNP 40
% and FF only sensors.
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4.7 Summary of Results
Tables 4.3 and Table 4.4 summarize the results for ‘Light only’, ‘Vibration only’ and
‘Combined effect of light and vibration’ conditions . They contain measured peak to peak voltage
output(mV) calculated maximum power output (µW ) and the calculated maximum current output
(µA) values. Table 4.5 shows the maximum power density values obtained for the above conditions
in µW/cm3. Effect of magmetic flux on power generation was conducted for only two sensors as
mentioned above. i.e. FF only sensor and ZnO 60% and FF 40% sensor. Table 4.6 shows the
peak to peak voltage out put(mV), calculated maximum current output (µA), calculated maximum



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































PVDF is a very important piezoelectric polymer material which has a promising range of
applications such as acoustic sensors and transducers,biocampatible material,electrical switches,
medical instrumentation, artificial sensitive skin in robotics, automotive detection on roads, non-
destructive testing , structural health monitoring, etc. In this chapter, improved performance of
the nano coated PVDF sensor is discussed. As discussed in the preceding chapter, the experiment
was carried out under different sources of energy and their individual effect and combined effects
were compared. Composition of nanao mixtures was altered in order to come up with an optimal
nano coating with maximum power output. Three samles were tested per each composition and the
output results were within 10% standard deviation. The following sections present the conclusions
made after analyzing the results under each energy source.
5.1 Effect of Vibration Energy on Nano Coated Sensor
It could be seen that there is an increase in power output with the application of nano coating
on the PVDF device. When incrasing the ZnO percentage, the power output tended to increase up
to a maximum value. This maximum value was reached when ZnO nano particles became 60%
of the mixture. After reaching the 60% point, introducing ZnO into mixuture deteriorated the
performace of the device. The maximum power density achieved by the commercially available
PVDF sensor when it is under the ‘vibration only condition’ was 55.7 µW/cm3 . The nano coated
sensor with ZnO 60% and FF 40% generated the maximum power density of 171 µW/cm3 which
is nearly 3 times more compared with PVDF sensor without any coating. Nano coated sensor gives
maximum power output when it is vibrated at its natural frequency at 21.6 Hz and the output power
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tends to decrease with the other harmonics of 140Hz and 355 Hz.
5.2 Effect of Light Energy on Nano Coated Sensor
The results show that there is a voltage shift when the samples are exposed to and cut off
from the light source and the shift increases with an increase in the intensity of incident light
energy from 40 W (10-749 lm) to 90 W (1490-1750 lm). The voltage shift at cutt off was higher
than the voltage shift at exposure to the light source and it reached a maximum value under the
90 W (1490-1750 lm) source. Samples with FF only coating showed the maximum voltage shift
of 328 mV and 592 mV at exposure and cutt off respectively under the 90 W light source. The
PVDF sensor without any coating shows a voltage shift of 140 mV and 142 mV under the same
conditions. This leads to calculated maximum power density of 2.64 µW/cm3 for the FF only
sensor and 0.25 µW/cm3 for the PVDF sensor without any coating which is nearly 9.5 times more
than that of the PVDF sensor without any coating.
5.3 Combined Effect of Light and Vibration Energy on Nano Coated Sensor
The most important effect due to the combination of light and vibration energy is the peak
to peak voltage gain acieved by the samples . This voltage gain increases with increasing the
incident light intensity from 40 W (10-749 lm) to 90 W (1490-1750 lm). Samples reached their
maximum peak to peak voltage under thec 90 W (1490-1750 lm) source and when the system
is vibrated at its naturall frequency (21.6 Hz). However voltage gain tends to decrease for 2nd
and 3rd harmonics of vibration at 140 Hz and 355 Hz respectively. When compared with the
‘vibration only’ condition combine effect of light and vibration always show a higher output for
each sample. Unlike the voltage shift at exposure and cutt off, the highest peak to peak output
voltage under combine effect of light and vibration was achieved by the 60% ZnO and the 40% FF
sensor. The highest peak to peak voltage achieved by 60% ZnO and 40% FF sensor was 9240 mV
and the PVDF sensor without any coating only gives 2300 mV under same condition.( 90 W and
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21.6 HZ). This leads to calculated maximum power density of 644.4 µW/cm3 for ZnO 60% and
FF 40% sensor and 65.6 µW/cm3 for the PVDF sensor with no coating . This is nearly 10 times
higher than the value of the PVDF sensor with no coating. When incrasing the ZnO percentage in
the nano mixture, power output tended to increase and reached its maximum value at 60% ZnO.
After that introducing ZnO into mixuture deteriorated the performace of the sensor.
5.4 Effect of Magnetic Flux on Nano Coated Sensor
Two major benefits were expected by craeting cones on the sensor. One is expanding the
surface area of the sensor and hense allowing more charge to discharge from the coating. The
other is to take advantage of induced current when the specimen is moving in a magnetic field.
Using the Fleming’s right hand rule, we can discover the direction of the induced current. We
assumed the remnant magnetic field due to the cones will create the magnetic flux.
For this experiment the 60% ZnO and 40% FF sensor and the FF only sensor were used.
Cone patterns were created as discussed in Chapter 3. The specimens were subjected to ‘vibration
only’ and ‘vibration + light’ energy conditions. It was seen that the FF only sensor behaved better
with cones on it. In vibration only condition (21.6 Hz) FF only sensor generated a peak to peak
voltage of 5720 mV where as the 60% ZnO and 40% FF sensor with cones only showed a peak to
peak voltage of 5320 mV. When the samples are subjected to domestic light energy, the FF only
sensor showed maximum peak to peak voltage of 9480 mV when it is under the incident light of
a 90 W bulb. The 60% ZnO and 40% FF sensor showed only a peak to peak voltage of 7460 mV
under the same condition. Creating cones deteriorated the performance of the 60% ZnO and 40%
FF sensor and one reason for this is the stability of the cones on the sensor.
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5.5 Comparison of Results with Literature
Table 5.1 shows the out put results of this experiment compared to recent research in piezo
electric energy harvesting. Although the power output is very low when compared to piezo ce-
ramic, it is in similar range with cantilever based unimorph PVDF. So it is worthwhile to do fur-


































































































































































































































































































































































For the current research PVDF sensor was used as a unimorph. Further research should be
carried out to find out the output of bimorph configuration. Furthermore we did not increase the
area of PVDF to find out how the increase in area affect the voltage, current and power output. So
it is worthwhile to arrange a PVDF sensor array to explore this further. Stability of cones plays a
major role in output voltage. In this experiment conducting epoxy was used as a trial in 1.5% and
3% by weight and introducing epoxy tends to degrade the voltage output. More research should be
done in order to increase the stabilty of cones on the sensor. One possibility is to use plasma etcher
to create dents on the sensor surface before applying the nano coat. Careful study should be done
in order to figure out optimal plasma time for generate maximum voltage output. Due to limited
time magnetic effect was not tested for all the sensors. So remaining sensors should be tested to
explore the behavior under a magnetic field. As a next step in investigating effect of light energy,
solar flux could be used as the illumination source. So further research could be done exposuing
sensors to the solar flux and let them vibrate under the solar flux. Power harvesting system will not
be a feasible power source if it does not have a storage facility. Further exploration should be done






A.Arockiarajana, B.Delibasa, A. Menzela, and W.Seemannb (2006), Studies on rate-dependent
switching effects of piezoelectric materials using a finite element model, ScienceDirect, 37,
306–317. 15
A.Sodano, H., D. J.Inman, and G.Park (2005), Comparison of piezoelectric energy harvesting
devices for recharging batteries, Journal of Intelligent Material Systems and Structures, 16,
799–807. 2
A.Sodano, H., E. A.Magliula, D. J.Inman, and G.Park (2009), Electric power generation using
piezoelectric materials, Cansmart workshop and potsdam and germany, Proceedings of the Thir-
teenth International Conference on Adaptive Structures and Technologies. 73
Baker, J., S.Roundy, and P. Wright (2005), Alternative geometries for increasing power density
in vibration energy scavenging for wireless sensor networks., Technical note, 3rd International
energy conversion engineering conference. 8
Beeby, S., M. Tudor, and N. White (2006), Energy harvesting vibration sources for microsystems
applications, IOP Science, pp. 175–195. 19
Berger, P., N. B. Adelman, K. J. Beckman, D. J. Campbell, A. B. Ellis, and G. C. Lisensky (1999),
Preparation and properties of an aqueous ferrofluid, J.Chem.Educ, 76, 943. 25, 26
Bormashenko, Y., R. Pogreb, O. Stanevsky, and E. Bormashenko (2004), Vibrational spectrum of
pvdf and its interpretation, Elsevier, 23, 791–796. 20
Bottner, H., J. Nurnus, A. Gavrikov, G. Kuhner, M. Jagle, D. E. C. Kunzel, G. Plescher, A. Schu-
bert, , and K.-H. Schlereth (2004), New thermoelectric components using microsystems tech-
nologies, Journal of Microelectromechanical Systems, 13, 414–420. 2
British Medical Ultrasound Society (2013), Piezoelectric effect, http://ult.sagepub.com/
content/19/4/187/F2.expansion.html. 14
Cady, W. G. (1964), Piezoelectricity : an introduction to the theory and applications of electrome-
chanical phenomena, new revised edition ed., Dover. 13
Chilibon, I., C. Dias, P. Inacio, and J. Marat-Mendes (2007), Pzt and pvdf bimorph actuators,
Optoelectronics and advanced materials, 9, 1939–1943. 19
Devi, P. I., and K. Ramachandran (2011), Dielectric studies on hybridised pvdfzno nanocompos-
ites, J. Experim. Nanosci, 6, 281–293. 10
76
Dodds, J. S., F. N. Meyers, and K. J. Loh (2012), Enhancing the piezoelectric performance of
pvdf-trfe thin films using zinc oxide nanoparticles, SPIE, pp. 834,515–834,515–9. ix, 10, 11,
22, 23
D.Shen, J. Park, J. Ajitsaria, S. Choe, H. Wikle, and D. Kim (2008), The design, fabrication
and evaluation of a mems pzt cantilever with an integrated si proof mass for vibration energy
harvesting., J Micromech Microeng, 18. 9
E.Hausler, and E. Stein (1984), Implantable physiological power supply with pvdf film, Ferro-
electrics, 60, 277–282. 3
Funasaka, T., M. Furuhata, Y. Hashimoto, and K. Nakamura (1998), Piezoelectric generator using
a linbo3 plate with an inverted domain, IEEE Ultrasonics Symposium, 1, 959–962. 3
Furtado, T. H. . M. (2007), Piezoelectric materials, Tech. rep., Santa Rosa college. 15
Gao, P. X., Y. Ding, W. Mai, W. L. Hughes, C. Lao, and Z. L. Wang (2005), Conversion of zinc
oxide nanobelts into superlattice-structured nanohelices, Science, 9, 1700–1704. 22
G.Eberle, H.Schmidt, and W.Eisenmenger (1996), Piezoelectric polymer electrets, IEEE Transac-
tions on Dielectrics and Electrical Insulation, 3, 624–646. 20
Hooker, M. W. (1998), Properties of pzt-based piezoelectric ceramics between 150 and 250oc,
Tech. Rep. CR-1998-208708, NASA. 19
Huang, M. H., Y. Wu, H. Feick, N. Tran, E. Weber, and P. Yang (2001), Catalytic growth of zinc
oxide nanowires by vapor transport, Advanced Materials, 13, 113–116. 21
Hughes, W. L., and Z. L. Wang (2005), Controlled synthesis and manipulation of zno nanorings
and nanobows, Applied Physics letters, 86, 43,106. 22
J.J.Stroyan (2004), Processing and characterizatio of pvdf pvdf-trfe and pvdf-trfe-pzt composites,
Master’s thesis, Washington State University. 20
Kawai, H. (1969), The piezoelectricity of pvdf, Appl. Phys, 8, 975. 19
Kendall, C. J. (1998), Parasitic power collection in shoe mounted devices, Tech. rep., Mas-
sachusetts Institute of Technology. 73
Kong, X. Y., and Z. L. Wang (2003), Spontaneous polarization-induced nanohelixes, nanosprings,
and nanorings of piezoelectric nanobelts, Nano Letters, 3, 1625–1631. 21
Kong, X. Y., Y. Ding, R. Yang, and Z. L. Wang (2004), Single-crystal nanorings formed by epitax-
ial self-coiling of polar nanobelts, Science, 27, 1348–1351. 22
Kymissis, J., C. Kendall, J. Paradiso, and N.Gershenfeld (1998), Parasitic power harvesting in
shoes, IEEE Xplore, 2, 132–139. ix, 4, 5, 6
L.Mateu, and F. Moll (2005), Optimum piezoelectric bending beam structures for energy harvest-
ing using shoe inserts, J Intell Mater Syst Struct, 16, 835–845. 8
77
L.Meirovitch (1967), Analytical Methods in Vibrations, 1 ed., Macmillan Publishing Co. Inc., NY,
USA. 27
Loh, K. J., and D. Chang (2011), Zinc oxide nanoparticle-polymeric thin films for dynamic strain
sensing, J. Mater. Sci., 46, 228–237. 10
M.A.Garcia, J. Merino, E. F. Pinel, A. Quesada, J. de la Vanta, M.L.r.Gonzalez, G.R.Castro,
P.Crespo, J.Liopis, J.M.G.Calbet, and A.Hernando (2007), Magnetic properties of zno nanopar-
ticles, Nano letters, 7, 1489–1494. 23, 24
Mitcheson, P. D., T. C. Green, E. M. Yeatman, and A. S. Holmes (2004), Architectures for
vibration-driven micropower generators, Journal of Microelectromechanical Systems, 13, 429–
440. 2
Miyazaki, M., H. Tanaka, G. Ono, T. Nagano, N. Ohkubo, T. Kawahara, and K. Yano (2003),
Electric-energy generation using variable-capacitive resonator for power-free lsi: Efficiency
analysis and fundamental experiment, Seoul, South Korea, pp. 193–198. 2
Norberg, N., and D.R.Gamelin (2005), Influence of surface modification on the luminescence of
colloidal zno nanocrystals, J. Phys. Chem., B, 20,810–20,816. 23
Pan, Z. W., Z. R. Dai, and Z. L. Wang (2001), Nanobelts of semiconducting oxides, Science, 291,
1947–1949. 21
Renaud, M., K. Karakaya, T. Sterken, P. Fiorini, C. Hoof, and R. Puers (2008), Fabrica-
tion,modeling and characterization of mems piezoelectric vibration harvesters, Sensors Actuat,
145, 380–386. 9
R.L.Tucker (2011), Ferrofluid for inducing linear stress, Tech. Rep. US 2011/0187234 A1, United
States Patent application publication. 25
R.N.Torah, S.P.Beeby, M. Tudor, T.ODonnell, and S.Roy (2006), Development of a can-
tilever beam generator employing vibration energy harvesting, Conference item, University of
Southampton. 2
Roundy, S., and Y. Zhang (2005), Toward self-tuning adaptive vibration based micro-generator,
Sydney , Australia, 16, 373–384. 3
Saadon, S., and O. Sidek (2011), A review of vibration-based mems piezoelectric energy har-
vesters, Elsevier Energy Conversion and Management, 52, 500–504. ix, 7, 8, 17
Shen, D. (2009), Piezoelectric energy harvesting devices for low frequency vibration applications.,
Ph.D. thesis, Auburn University, Auburn, Alabama. xii, 1, 2, 3, 4, 8, 9, 73
Siedle, A. G. H., P. D. Wilson, and A. P. sVerrall (1984), Pvdf-an electronically active polymer for
industry, Materials and designs, 4, 910–918. 20
Smart Materials (2013), Converse piezoelectric effect, http://metallurgyfordummies.
com/smart-materials/piezoelectric-materials-2. 14
78
S.Roundy (2005), On the effectiveness of vibration-based energy harvesting, Journal of Intelligent
Material Systems and Structures, 16, 809–823. 3
S.Roundy, and P. Wright (2004), A piezoelectric vibration based generator for wireless electronics,
smart materials and structures, 13, 1131–1142. 73
S.Roundy, P. Wright, and J. Rabaey (2003), A study of low level vibrations as a power source for
wireless sensor nodes, Computer Communications, 26, 1131–1144. 2
S.Roundy, E.S.Leland, J.Baker, E.Carleton, E.Reilly, B. E.Lai, J.M.Rabaey, P.K.Wright, and
V.Sundararajan (2005), Improving power output for vibration-based energy scavengers, IEEE
Pervasive Computing, 4, 28–36. 2
S.S.Pappell (1965), Lwo viscosity magnetic fluid obtained by the collodialsuspension of magnetic
particles, Tech. Rep. 3 215 572, United States Patent Office. 24
Stevens, J. W. (1999), Heat transfer and thermoelectric design considerations for a ground-source
thermoelectric generator, Baltimore, MD, USA. 2
T.Starner (1996), Human-powered wearable computing, IEEE Xplore, 35, 618–629. 4
Umeda, H., K. Nakamura, and S. Ueha (1997), Energy storage characteristics of a piezo-generator
using impact induced vibration, Japanese Journal of Applied Physics, 36, 3146–3151. 3
Wang, Z. L. (2004), Zinc oxide nanostructures: Growth, properties and applications, J.
Phys.Condens. Mat., 16, R829–R858. 10
Wang, Z. L. (2011), From nanogenerators to piezotronicsa decade-long study of zno nanostruc-
tures, Lecture 2012.186, MRS. 1, 3, 22
Wang, Z. L., and J. Song (2006), Piezoelectric nanogenerators based on zinc oxide nanowire arrays,
Science, 312, 242–246. 10, 21
Xu, C., C. Ouyang, R. Ji, Y. Li, and X. Wang (2008), Magnetic and optical properties of
poly(vinylidene difluoride)/fe3o4 nanocomposite prepared by coprecipitation approach, J Ap-
plied polymer science, 111, 1763–1768. 10
Yebo, D. W. (2011), Improving sample collection of trace particles of mock explosive on nano




APPENDIX A: Example Calculation for Current, Power and Power Density
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Consider 60% ZnO and 40% FF sample under the combined effect of light ( 90 W) and
vibration (21.6 Hz) energy. Refering the Table 4.4.









Resistance used (R) =4 MΩ
Current output (I) =9.24V/4000000 Ω
=2.31µA




PVDF volume(Pv) =3 cm× 1.2 cm× 0.0028 cm
=0.01008 cm3
nano volume(Nv) =3 cm× 1.2 cm× 0.0018 cm
=0.00648 cm3
Effective volume(Ev) =Pv +Nv
=0.01656cm3
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